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The present invention relates to an 
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apparatus and method for performing 

The invention also relates 



to an 1 



mproved microscope that 



includes an unfolded, main optical axis. 
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acute for various types of imaging 
observed under a microscope, the focused 



operations. For example, when an object is 



conditions must be maintained in order to 



properly focused image of the object. 



Therefore, even if the object is initially 



of focus due to a variety of external 



maintain a 

the object may gradually become out 

and vibration, if no corrective steps are taken. 

the field of view of the microscope, the 
of the object that can be observed through 

Therefore, the focusing conditions must be 
....V c.ecKe. an. a..s,e. . o.e.o — a s.. .a.e o..e w.o,e o.^^^^ 

,„ .ew 0, .e ..,o:n. .e. is a need ,o. an improve. a.« systen, 

o th.t ran oerform quick and accurate autofocusing 
and method for a microscope that can pertorm q 

operations while maintaining a sharp image. 



in focus 

factors such as thermal effects 
Moreover, when an object is larger than 

microscope can only focus on the portion 
the field of view of the microscope. 
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The advantages and purposes of the 
description which follows, and in partwill be Obvious 



SUMMARYOFjmJ^^^^ 

invention will be set forth in part in the 
from the description, or may be 
and purposes of the invention will 



.earned by practice of the invention. The advantages 
.e reaped and attained by means of the elements and combinations pa.cularly 

pointed out in the appended claims. 

a«a. .e aa— s an.n ac».anoe .e p.poses on. — , 



as 



embodied and broadly described herein, the 



invention includes an apparatus for 
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automatically focsing an image of an object plane in a microscope. The apparatus 
generally includes an optical system configured to form an image of an object plane to 
be observed, an autofocusing detection system, and a focusing correction system. The 
optical system includes an objective lens configured to focus on the object plane, an 
illumination beam source for Illuminating the object plane with an illumination light 
beam, and an image lens configured to create an image of the object plane. The 
autofocusing detection system includes an autofocusing light beam source for 
generating an autofocusing light beam, a beamsplitter configured to direct the 
autofocusing light beam to the object plane and cause the autofocusing light beam to 
reflect off the object plane, a detection system lens configured to direct the reflected 
autofocusing light beam to an autofocusing detection device, and an autofocusing 
detection device. The autofocusing detection device determines the amount of 
displacement of the image of the object plane in the optical system from a desired 
focused reference plane based on the detected displacement of an image plane of the 
' reflected autofocusing light beam from a predetermined reference plane in the 
autofocusing detection system. The autofocusing detection device includes at least 
one sensor for sensing the reflected autofocusing light beam and detecting the 
displacement of the image plane. The focusing correction system includes a feedback 
controller and focus adjusting device for automatically adjusting the distance between 
the objective lens and the object plane, based on the reflected autofocusing light beam 
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sensed by the at least one sensor, in 



order to properly focus the image in the optical 



system. 

,„ a further aspecHhe invention is directed toward a sys.enr for automa.ioaily 
focusing an inrage in a n.icr6scope. The system inciudes an imaging system for 
creating an image o, an obieot plane using an illumination light beam of a .rs. 
wavelength, and an autofocusing detection system. The autofocusing detection system 
includes an autofocusing light beam of a second wavelength. The autofocusing light 
heam is directed to reflect off o, the object plane. The autofocusing detection system 
further includes a autofocusing detection device having an iris and a light detector, and 

light beam to the autofocusing detection device. The autofocusing detection device 
receives the reflected autofocusing light beam from the detection system lens. The ,ns 
permits at least a portion of the reflected autofocusing light beam to pass through an 
aperture of the iris. The light detector measures the intensity of the portion of the 
.fleeted autofocusing light beam that passes through the aperture of the iris in order to 
detect the distance that the image of the object plane in the imaging system is 
displaced from a desired focus reference surface, 

,„ another aspect, the invention is directed toward another system for 
automatically focusing an image in a microscope. The system includes an imaging 
system for creating an image of an object plane using an illumination light beam of a 
flrst wavelength, and an autofocusing detection system. The autofocusing detection 
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measuring the light intensity of the reflected autofocusing light beam that is transmitted 
through the aperture with the light detector of the detection system. 

In a further aspect, the invention is directed toward a method of automatically 
focusing an image of an object plane in a microscope. The method includes generating 
an autofocusing light beam, directing the autofocusing light beam against the object 
plane to be examined, and reflecting the autofocusing light beam off the object plane. 
The method further includes directing the reflected autofocusing light beam to a 
detection system and sensing the autofocusing light beam with a plurality of light 
detectors of the detection system. The method further includes determining, based on 
the sensed autofocusing light beam, the amount of displacement of the image plane of 
the reflected autofocusing light beam from a desired reference plane, and focusing on 
the object plane to create a properly focused Image. The determining includes 
comparing the light intensities of the reflected autofocusing light beam detected by the 
plurality of light detectors. 

In another aspect, the invention is directed toward a microscope for viewing an 
object plane. The microscope includes a plurality of lenses positioned along a main 
optical axis of the microscope and a probe arm supporting the plurality of lenses. The 
probe arm extends generally along the main optical axis. The microscope further 
includes a support on which an object with an object plane to be examined is placed, 
the object plane substantially extending along a focus plane that is observed through 
the microscope, and an optical output device for creating an image of the object plane 




on an image plane. The main optical axis is unfolded and substantially extends along a 
single plane. 

It is to be understood that both the foregoing general description and the 
following detailed description are exemplary and explanatory only and are not restrictive 
5 of the invention, as claimed. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The accompanying drawings, which are incorporated in and constitute a part of 
this specification, illustrate several embodiments of the invention and together with the 
description, serve to explain the principles of the invention. In the drawings, 

Fig. 1 illustrates the basic principles of an optical system for forming an image of 
an object plane according to the present invention; 

Fig. 2 illustrates the optical system of Fig. 1 with the object plane in and out of 

focus; 

Fig. 3A illustrates a microscope with the optical system of Fig. 1 and an 
autofocusing system according to an embodiment of the present invention; 

Fig. 3B illustrates an autofocusing detection device of the autofocusing system of 
Fig. 3A; 

Fig. 3C is a graph of the light intensity detected by the autofocusing detection 
device of Fig. 3B at various relative positions between an actual image plane and a 
desired image plane; 
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Fig. 4A illustrates a microscope with the optical system of Fig. 1 and an 
autofocusing system according to another embodiment of the present invention; 

Fig. 4B illustrates an autofocusing detection device of the autofocusing system of 
Fig. 4A; 

Fig. 4C is a graph of the intensity of light detected by the autofocusing detection 
device of Fig. 4B at various relative positions between an actual image plane and a 
desired image plane; 

Fig. 4D illustrates a variation of the microscope of Fig. 4A with a modified 
autofocusing detection system; 

Fig. 5 illustrates a microscope with the optical system of Fig. 1 and an 
autofocusing system according to another embodiment of the present invention; 

Figs. 6A, 6B, and 6C illustrate an autofocusing detection device of the 
autofocusing system of Fig. 5 with the object plane in focus, the object plane too far 
from an objective lens, and the object plane too close to the objective lens, respectively; 

Fig. 7A, 78, and 7C illustrate the position of light dots formed on diodes of the 
autofocusing detection device of Fig. 5 with the object plane in focus, the object plane 
too far from the objective lens, and the object plane too close to the objective lens, 
respectively; 

Fig. 8A illustrates a microscope with the optical system of Fig. 1 and an 
autofocusing system according to another embodiment of the present invention; 
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Fig. 8B, 8C, and 8D illustrate the position of light dots fornned on diodes of the 
autofocusing detection device of Fig. 8A with the object plane in focus, the object plane 
too close to the object lens, and the object plane too far from the objective lens, 
respectively; 

Fig. 9 is an exennplary flowchart of a method of automatically focusing an image 
of an object plane that can be utilized in the microscopes of Figs. 3-4; 

Fig. 10 is an exemplary flowchart of a method of automatically focusing an image 
of an object plane that can be utilized in the microscopes of Figs. 5-8; 

Fig. 11 is a side view of a microscope according to another embodiment of the 
present invention; and 

Fig. 12 is a side view of the microscope of Fig. 1 1 positioned on a separate table 
from a scanning stage. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Reference will now be made in detail to the present preferred embodiments of 

the invention, examples of which are illustrated in the accompanying drawings. 

Wherever possible, the same reference numbers will be used throughout the drawings 

to refer to the same or like parts. 

The present invention provides an apparatus and method for automatically 

focusing an optical instrument, such as a microscope, onto a plane of an object such as 

a sample. According to an embodiment of the invention, an autofocusing apparatus is 
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provided that includes an optical system configured to form an optical image of a 
sample plane to be observed, an autofocusing detection system, and a focus correction 
system. The optical system may include an objective lens, an illumination beam source 
for illuminating the sample plane with an illumination beam, and an image lens, such as 
a converging lens, for creating an image of the sample plane. The autofocusing 
detection system may include a autofocusing light beam source for generating an 
autofocusing light beam, a beamsplitter configured to direct the autofocusing light beam 
to the sample plane and causing the autofocusing light beam to reflect off the sample 
surface. 

The autofocusing detection system of the present invention may further include 
detection system lens configured to direct the returning autofocusing light beam to an 
autofocusing detection device. The autofocusing detection device preferably 
determines the amount of displacement of the image of the sample surface from a 
desired focused reference plane based on the detected displacement of an image 
plane of the autofocusing light beam from a predetermined reference plane in the 
autofocusing detection device. The focusing correction system preferably includes a 
feedback controller and focus adjusting device for automatically adjusting the distance 
between the objective lens and the sample plane in order to properly focus the image in 
the optical system. The present invention also relates to a method of automatically 
20 focusing an image of an sample plane in a microscope. 
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,„ a microscope, when the sample plane is not located at the focal distance from 
the objective lens, the resulting image in the microscope will be out of focus. Figs. 1 
and 2, for example, illustrate how this problem can arise in an optical system for forming 
an optical image of a sample to be observed in a microscope. The system of Figs. 1-2 
5 is shown for purposes of illustration only, and does not include the autofocusing system 
of the present invention which will be described in greater detail below with reference to 
Figs. 3-8. 

AS embodied herein and shown in Figs. 1-2, the optical system 10 forms an 
optical image of a sample plane 16 to be observed in the microscope. Optical system 
,0 10 includes a beamsplitter 12, an objective lens 14, a partially reflecting object plane or 
sample plane 16, an image lens 18, an image plane 20, and a source 25 of an 
illumination light beam 22. in the example shown in Fig. 1 , the sample plane 1 6 of the 
sample is positioned at a distance that corresponds to the focal distance (f1 ) of the 
objective lens 1 4. As a result, in the microscope of Fig. 1 , the resulting image of the 
, 5 sample is properly focused. In contrast, the sample plane 16 in Fig, 2 is placed a. a 
position that deviates (by d1) from the focal distance of the lens 14 and, therefore, the 
resulting image is not properly focused. In Figs. 1 and 2, the partially reflecting plane 
1 6 may correspond to either the bottom of the sample surface or a plane on the inside 
of the sample. Alternately, the sample plane 16 may correspond to the bottom of the 
20 surface on which the sample is placed. For purposes of the discussion below, the 
plane to be focused will be referred to as the sample plane 16. 
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As illustrated in Figs. 1 and 2, light source 25 generates an illumination light 
beam 22. The illumination light beam 22 may be of any wavelength that is suitable for 
illuminating a sample plane in a microscope. Although the example shown illustrates 
the illumination light beam being collimated, it is not necessary for the beam to be 
collimated. The beam could also be divergent or convergent. For sake of discussion, 
the use of a collimated light beam will be descnbed. The light source 25 may be any 
conventional type of light source such as a lamp or laser. Although Figs. 1 and 2 show 
the light source being located adjacent to a beamsplitter 12, it is also feasible to place 
the light source on the left side of the sample plane 1 6 in the figures in order to 
transilluminate the sample plane. In such a configuration, the beam splitter 12 would 
not be necessary. In an altemate configuration, the sample plane may emit light by 
itself without the need for a specific illumination light source. One example of when this 
may occur is when a sample undergoes a luminescent chemical reaction. The specific 
types of light sources and the preferred wavelengths of the illumination light beam will 
be discussed later with reference to the disclosed autofocusing detection systems of 

the present invention. 

In the examples of Figs. 1 and 2. the illumination light beam 22 is directed toward 
a beamsplitter 12. The beamsplitter 12 may be any type of conventional beamsplitter 
suitable for use in the present invention. The beamsplitter 12 reflects the illumination 
light beam 22 toward the objective lens 14 and sample plane 16 located along the first 
optical axis 56. In Fig. 1 , the sample plane 16 is positioned exactly in the focal plane of 
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the objective lens 14, i.e., at the focal distance f1 from the objective lens 14. Because 
the sample plane 16 is positioned exactly the focal distance away from the objective 
lens 14, the outer boundaries of the illumination light beam 22 from the objective lens 
14 will intersect at a single point on the sample plane 16, as shown in Fig. 1 . The 

5 objective lens 14 is said to be focused on the sample plane 16 in such an arrangement 
where the light beam intersects to strike a single point on the surface, i.e., the diameter 
of the light beam will be a minimum. 

The illumination light beam 22 which strikes the plane 16 is reflected off of the 
plane 16 and back to the objective lens 14. As the illumination light beam passes 

10 through the objective lens 14, the illumination light beam is collimated back into its 
original form and directed toward the beamsplitter 12. The beamsplitter 12 is 
configured so that the illumination light beam that returns along the first optical axis 56 
is transmitted through the beamsplitter 12 without any perturbing effects. After being 
transmitted through the beamsplitter 12, the collimated light beam reaches the image 

15 lens 18. 

The image lens 18 may be any of a variety of conventional lenses, such as a 
converging lens, for creating an image of a surface. Although the schematic of Fig. 1 
only shows an image lens 18, a typical microscope will have a series of relay optics as 
is known in the art. The relay optics are not shown for purposes of simplicity. In the 
20 configuration shown in Fig. 1 , the image lens 1 8 projects the illumination light beam 
onto an image plane 20 positioned at the focal distance f2 from the image lens 18. A 
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lens such as the image lens 18 (or the objective lens 14) has a predetermined focal 
distance (f) based upon its magnif cation power. In one example of an image lens 
suitable with the present invention, the focal distance is between 160mm to 250mm. 
The focal distance of the image lens may be much smaller or larger than this range 

however. 

The focal distance (f) corresponds to the distance from the lens at which a 
collimated light beam passing through the lens will be properly focused, i.e., the 
diameter of the light beam will be at a minimum. For example, the objective lens 14 
shown in Fig. 1 has a focal distance of f1 . Therefore, a sample plane 1 6 located at a 
distance f1 from the objective lens 14 will have the collimated illumination light beam 22 
from the beamsplitter 12 focused on the sample plane as shown in Fig. 1 . Because the 
sample plane 16 is located at exactly the focal distance f1 from the objective lens 14, 
the reflected light beam from the surface will be recollimated as it passes back through 
the objective lens 14 along the first optical axis 56 toward the image lens 18. The 
reflected illumination light beam directed by the Image lens 18 (moving to the right in 
Fig. 1) will then be focused on the image plane 20 located at the focal distance f2 (of 
image lens 18) from the image lens 18. Therefore, when the sample plane 16 is at the 
focal distance f1 from the objective lens 14, the resulting image from the image lens 18 

will be properly focused. 

Typically, however, the sample plane 16 is not initially positioned at exactly the 
focal distance from the objective lens 14. Even if the sample plane is initially positioned 
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at the desired distance from the objective lens, external factors such as thermal effects 
or vibrations may cause relative movement between the sample plane and the objective 
lens. When the plane 16 is located at position other than the focal distance f1 away 
from the objective lens 14 (i.e., moved to the left or right from the position shown in Fig. 
1 ), the objective lens will not focus on the sample plane. For example, Fig. 2 shows the 
sample plane 1 6 being located at a greater distance (f1 plus d1 ) from the objective lens 
14 compared to the distance in Fig. 1 . In this new position, the surface of the sample 
has moved an additional distance d1 from the position shown in Fig. 1. When the 
sample plane is not located at the focal distance f1 from the objective lens, the 
illumination light beam will be focused by the objective lens 14 at the desired reference 
plane 23 for the sample (shown in dashed lines in Fig. 2) located f1 from the objective 
lens 14, instead of on the sample plane 16. The desired reference plane 23 for the 
sample (shown in Fig. 2) is positioned at exactly the focal distance f1 from the objective 
lens 14, and therefore corresponds to the position at which the diameter of the 
illumination light beam from the objective lens 14 is at a minimum. 

However, it is desired that the diameter of the illumination light beam is at a 
minimum at the actual plane of sample plane 16 (shown as a solid line), not at a 
reference plane 23 spaced from the sample plane. Therefore, it is ultimately desirable 
for the sample plane 16 to be placed at the desired reference plane 23 in order for 
proper focusing to occur. A method and apparatus for obtaining such focusing will be 
described later. 

15 
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In Fig. 2, the sample plane 16 is located an additional distance d1 from the 
desired reference plane 23 (shown in dashed lines). This movement of d1 may be 
caused by a variety of factors. As seen in Fig. 2, the diameter of the illumination light 
beam is at a minimum at the desired reference plane 23 and thus strikes the sample 
plane 16 at a position beyond the distance f1 from the objective lens 14. The 
illumination beam 22 will then reflect off of the sample plane as reflected light beam 24. 
Because the illumination light beam 22 did not strike the sample plane 16 at a single 
point or minimum diameter position (as done in Fig. 1 ), the outer boundaries of the 
reflected light beam 24 will be outside of the outer boundaries of the illumination light 
beam 22 going toward the sample plane 16. As shown in Fig. 2, after passing back 
through the objective lens 14, the reflected light beams 24 will no longer be collimated. 

The reflected light beams 24 will then transmit through the beamsplitter 12 
toward the image lens 1 8 along the first optical axis 56. Because the reflected light 
beams are not collimated, the image lens 18 will then project the reflected light beams 
24 so that they intersect at an image plane 20 which is not at the proper focal distance 
f2 from the image lens 18. The plane located at the focal distance f2 from the image 
lens is referred to as the "desired" reference plane for the image plane. The distance 
between the desired reference plane 26 for the image plane (shown in dashed lines) 
and the actual position of image plane 20 (shown as a solid line) is represented as d2 in 
Fig. 2 and throughout the specification. As shown in Fig. 1 , when the sample plane is 
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properly positioned relative to the obiective lens, the actual position of the image plane 
20 is identical to the desired reference plane 26. 

An image forming device such as a charge couple device (CCD) or camera can 
he positioned a. the desired reference plane 26 of the optica, system 10. Alternately, 
an eyepiece for observing the image may be positioned at the desired reference plane 
26 so that a viev^er's eye aligns with the desired reference plane 26. Therefore, in 
order to properly focus the optica, instrument it is desirable that the reflected beam 24 
he d,rec,ed so that the beams intersect at a point on the desired reference plane 26 (as 
shown in Fig. 1 ). For the system shown in Fig. 2, where the sample plane 1 6 is 
displaced d1 from the properly focused position (a focal distance f1 from the objective 
lens), there will be a corresponding displacement d2 of the image plane 20 from the 
desired reference plane 26 of the microscope. Therefore, the corresponding image will 
be out of focus because it is no. at the proper focal distance f2 from the image lens 1 8. 

Autofocusing systems consistent with the principles of the present invention 
provide quick and accurate automatic focusing onto the sample plane. The 
autofocusing system includes an autofocusing detection system for directly determining 
the displacement of the actual image plane from the desired reference plane of the 
in^age plane of the optica, system. The displacement generally corresponds to the 
amount that the image is out of focus. According to one aspect of the present 
invention, the need for a time consuming evaluation o, the characteristics of a plurality 
0, images is eliminated by directly determining the distance that the image is out of 
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focus. As a result, the microscope can be quickly and efficiently adjusted so that the 
image is properly focused. The autofocusing system of the present invention further 
includes a focusing correction system for adjusting the distance between the objective 
lens and the sample plane so that the microscope is quickly focused on the sample 
plane. 

A first example of an apparatus according to the present invention for 
automatically focusing an optical instrument onto a sample plane is shown in Figs. 3A, 
3B, and SC. As embodied herein and shown in Figs. 3A-3C, the apparatus 30 for 
automatically focusing an optical instrument onto a sample plane includes the optical 
system 10 for forming an image (previously described in Figs. 1-2), an autofocusing 
detection system 32, and a focusing correction system 34. As shown in Figs. 3A-3C, 
the apparatus 30 includes an optical system 10 for forming an optical image of a 
sample to be observed. The optical system 10 includes beamsplitter 12, objective lens 
14, image lens 18, image plane 20, and illumination light source 25 substantially as 
previously described in the discussion above for Figs. 1-2. The principles of the optical 
system 10 in Figs. 3A-3C operate under the same principles as previously described for 
Figs. 1-2. The components of the optical system 10 will be described in greater detail 
below in relation to the autofocusing detection system 32 and focusing correction 
system 34. 

As embodied herein and shown in Figs. 3A-3C, an autofocusing detection 
system 32 is provided that includes a light source 39 for generating autofocusing light 
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beams 40, a first autofocusing beamsplitter 42, and a second autofocusing beamsplitter 
44. The autofocusing system 32 further includes a detection system lens 46 for 
directing and returning an autofocusing light beam and a detection device 50 for 
determining the amount of displacement of the image from a desired focused reference 
plane. The detection device 50 may be any number of devices such as those shown in 
Figs. 3A-3C and the other embodiments of the invention. 

As embodied and shown in Figs. 3A-3B, light source 39 generates an 
autofocusing light beam 40 used in the autofocusing detection system 32. The light 
source 39 may be any suitable light source such as a lamp or laser. If a laser is 
selected, a diode laser or HeNe laser may be used for light sources 39, although any 
number of other laser types may also be used with the present invention. Further, 
although the autofocusing light beam 40 is shown as being collimated in Fig. 3A, the 
autofocusing light beam could altemately be either convergent or divergent. The beam 
is shown as collimated In order to simplify the discussion. 

In the example shown in Fig. 3A, the autofocusing light beam has a wavelength 
of Xa. The wavelength for the autofocusing light beam is preferably selected to be 
different than the wavelength of the illumination light beam 52. In most instances, it is 
preferred that the autofocusing light beam has a longer wavelength than the illumination 
light beam. For the purposes of the description below, the light sources and beams will 
be described in relation to flourescent imaging spectroscopy, although the present 
invention is suitable with a large number of other applications besides flourescent 



LAW OFFICES 

FiNNEGAN, Henderson, 
Farabow, Garrett, ] 9 

fe DUNNER,L.L.P. 

I3O0 1 STREET, N. W. 
WASHINGTON, D. C. 20O05 
202-40S-4000 



10 



15 



20 



imaging spectroscopy. In fluourescent imaging . the illumination light beam 52 has an 
excitation wavelength of Xe and is used for generating the image in the optical system 
10, in a manner similar to that discussed with regard to Fig. 1 . The wavelengths of the 
autofocusing light beam 40 and illumination light beam 52 are selected to be different 
from one another so that the autofocusing light beam 40 does not perturb or interfere 
with the illumination beam 52 used for creating the image. 

In a microscope using fluorescent imaging, the wavelength of the illumination 
light beam 52 is preferably selected to be as narrow as possible and within the 
absorption band of the flourescent sample under study. As the illumination light beam 
strikes the surface, a flourescent light beam having a wavelength Xf is created. 
Preferably, the wavelength of the flourescent beam is different than the wavelength of 
the illumination light beam. The difference between the wavelengths, in one example, 
may be as small as 10nm. Any light of the excitation beam should not be allowed to 
enter the image lens 18. Therefore, in the example shown in Fig. 3A, the beam splitter 
1 2 is configured to block all light with a wavelength Xe, while allowing light of the 
flourescence wavelength >.f to be transmitted therethrough. 

As discussed above, the autofocusing light beams should be selected to have a 
wavelength {Xa) different than the excitation wavelength (^e) and the flourescent 
wavelength (11). One particular example will be shown for purposes of illustration only. 
In the case of a sample that absorbs a wavelength of approximately 51 Onm and 
flouresces at approximately 550nm, the excitation beam can be selected to be an Ar^ 
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ion laser with a wavelength of 514nm. The wavelength of the autofocusing light beam 
can be selected to be greater than approxinrately 600nm^ This one example of the 
wavelengths is for purposes of illustration only, and does not limit the present invention. 
By using different wavelengths, the present system is capable of simultaneously 
i determining the amount that the system is out of focus and creating the image of the 
surface. The ability to perform both of these processes simultaneously enhances the 
speed and efficiency of the autofocusing apparatus. 

In the example shown in Figs. 3A-3C. the autofocusing light beam source 39 
generates and projects the autofocusing light beam 40 in a first direction parallel to the 
0 first optical axis 56. The autofocusing light beam 40 strikes the first beamsplitter 42 of 
the autofocusing detection system and Is reflected along a second optical axis 64 to the 
second beamsplitter 44 of the autofocusing system. Alternately, the apparatus could be 
configured so that the autofocusing light beam source 39 generates the autofocusing 
light beam 40 directly onto the second beamsplitter 44. without needing the first 
, 5 beamsplitter 42. In another possible configurafion, the light source 39 for the 

autofocusing beam could generate the autofocusing light beam 40 directly to the 
objective lens 16. 

The beamsplitters 42. 44 used in the present invention may be of any 
conventional type known in the art. For example, the beam splitters 42, 44 may be 
20 partially reflecting conventionally beam splitters. Beam splitter 44 is preferably 

configured to transmit all of the illumination light beam of wavelengths ^e and >i while 
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reflecting the autofocusihg light beams of wavelength Xa. In one example, beam 
splitter 42 is preferably configured to use a polarizing beam splitter and a 1/4 
^ wavelength plate. As shown in Fig. 3A, upon striking the second beamsplitter 44, the 
' autofocusing light beam 40 is reflected toward the objective lens 14 along the first 
'* optical axis 56. The beamsplitter 44 is configured to reflect the autofocusing light beam 
of wavelength Xa. if the beams are operated'simultaneously, the beam splitter 44 also 
allows the reflected illumination light beam 62 to pas. therethrough as previously 
described. 

The autofocusing light beam travels to the objective lens 14 along a first optical 
axis 56. The objective lens 14 may be any type of microscope objective lens. The 
Objective lens 14 has a focal distance f1 , which is a function of the magnification power 
of the Objective lens. For most applications, the effective focal distance f1 will typically 
range between 40mm and 1 mm. However, objective lenses with focal distances 
outside of this range are also suitable with the present invention. The objective lens 14 
directs the autofocusing light beam of wavelength Xa onto the sample plane 16 located 
at a focal distance f1 from the objective lens. In the embodiment shown in Fig. 3A, the 
sample plane 16 is located at the focal distance f1 away from the objective lens, 
therefore, the resulting image of the sample plane will be properly focused due to the 
properties of the optical system (including that of the image lens 18). The autofocusing 
light beam 40 from the objective lens 14 is then at least partially reflected off of the 
sample plane 16 and directed back to the objective lens 14. The reflected autofocusing 
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light beam with a wavelength >.a is then directed by .he objective lens 14 along the first 
optica, axis 56 to the second autofocusing beamspliUer 44. The second autofocusing 
beamsplitter 44 reflects the autofocusing light beam o. wavelength Xa toward the f rst 
autofocusing beamsplitter 42 (In a downward direction along second optical axis 64 in 
Fig. 3A). The first autofocusing beamsplitter 42 permits the autofocusing light beam 
reflected from the second autofocusing beamsplitter 44 to be transmitted through 
without any perturbing effects. The autofocusing light beam 40 is thereby transmitted to 
the detection system lens 46 and autofocusing detection device 50. The method and 
apparatus for detecting the amount that the Image is out of focus will be discussed 

below in greater detail. 

AS previously discussed, the optical system for creating an Image includes the 
source of the illumination light beam for illuminating the sample plane. In a flourescent 
imaging system, the Illumination light beam has a wavelength >.e to generate the 
flourescence of the sample plane. As shown in the example of Fig. 3A, the 
beamsplitter 12 of the optical system reflects the Illumination light beam 52 toward the 
sample plane 16 along the flrst optical axis 6. The second autofocusing beamsplitter 44 
IS configured to permit the illumination light beam of wavelength Xe to be transmitted 
through it to objective lens 14. The objective lens 14 then directs the Illumination light 
beam to a point a. a distance f1 from the objective lens 14. The illumination light beam 
is configured to intersect at a reference plane corresponding to the focal distance f1 
from the objective lens. In Fig. 3A, because the sample plane is located f1 from the 
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o,ec„ve ,ens, .e .u— .ea. w,. stn.e a sin.e po,. on .e sa.p.e plane 
and renec, off as shown in Fig, 3A, As .he iilu.inafion light hea. reffecfs off of .he 
sample Plane i. is converted in.o an i.lu.ina.ed flourescen. bean, ,in a flourescen. 
imaging e.a.ple), such as a .ourescen, ligh. bean, having a waveleng.h of ». Th,s 
.3veleng.h is preferably sufflcienfiy different than .he a..ofoc.sing wavelength such 
,3. no perturbing effects occur between the illuminated bea. and the auto.ocuslng 
light beam. 

The flourescen. light beam from .he sample plane 16 has a waveleng.h .f and 
p3sses.hroughtheobiec.ive ,ens(asi.moves.o the ngh.,nng.3A,..n the example 

Shown in Fig. 3A. the flourescent light be3m is collima.ed as i, passes .hrough the 
obieCive lens, and direCed .oward .he second 3u.ofocusing beamsplitter 44. The 
second autofocuslng beamspiiUer 44 is configured .o permi. the flourescent ligh. beam 
to pass .hrough. The flourescen. ligh. beam .hen passes through the beamsplit.ert20f 

p,ane 16 is placed exactly the foca, distance f1 from the obieCive lens, .he image plane 
is formed. As previously discussed, .he desired reference plane .ypically corresponds 
or eyepiece for direCly observing the image. 
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AS previously explained, the present invention incorporates an apparatus and 
method for directly determining the amount that an image is out of focus without 
requiring the analysis of the characteristics of a plurality of in^ages^ The apparatus and 
method of the present invention directly determines the displacement of the image from 
its properly focused position, and then adjusts the optical system to obtain a focused 
image. The autofocusing system of the present invention includes an autofocusing 
detection device for directly determining the amount that the image is out of focus and 
includes a focusing correction system. 

The apparatus may Include one of several different types of autofocusing 
detection devices. Fig, 3A shows an apparatus having one particular type of 
autofocusing detection device according to an aspect of the present invention. The 
autofocusing detection device 50 of the example shown in Fig. 3A includes an iris 60 
positioned at the focal distance f3 from the detection system lens 46. The focal 
distance f3 of the detection system lens 46 is a function of the size and magnification of 
the detection system lens 46. The iris 60 may be any type of flat plate or other 
structure with an aperture to permit light to be transmitted therethrough. 

When the sample plane 16 is positioned at the proper focusing position (distance 
,1 from obiective lens 14), the iris will allow the autofocusing light beam of wavelength 
,„a (Shown as a solid line in Fig. 3B) from the detection system lens 46 to pass through 
the iris to a light detector 62 without interference. The detection system lens 46 
preferably has a focal distance f3 that is suitable so that the autofocusing light beam will 
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be small enough to pass through the iris when the surface is ih focus. The 
autofoousing light beam will be smaller as the focai length is made larger. However, the 
autofocusing system will be compact and robust with smaller focal distances. 
Therefore, the selection of the foca, distance of the detection system lens is a balance 
of these considerations. In one typical embodiment of the present invention, the 
detection system lens 46 has a focal distance between 50mm to 200mm. The focai 
distance may be larger or smaller than this range, however, according to the 
dimensions and other characteristics. In the embodiment shown in Fig. 3A, the light 
detector 62 is positioned on the opposite side of the iris 60 with respect to the detection 
system lens 46 along the second optical axis 64. 

Dunng autofocusing, the autofoo.sing light beam 40 passes though the iris 60 
and is transmitted to the detector at a maximum intensity when the sample plane 16 is 
positioned at the distance f1 from the objective lens. At this position, an image is 
created at the focai distance f3 from the detection system lens 46. The image is thus 
created directly on the iris 60 as shown in the solid lines o, Fig. 3B. The intensity o, the 
light measured by the light detector 62 is at its peak value because the autofocusing 
„ht beam 40 passes substantially through the aperture of the IHs 60. At this position, 
the sample plane is determined to be property focused by the optical system 10. 

When the sample plane 16 is moved from the position shown in Fig. 3A, the 
autofocusing light beam 40 from the detection system lens 46 (shown in dashed lines in 
Fig 3B) will not pass directly through the iris without perturbing effects. The beam w,ll 
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intersect at a point "X" positioned a distance d3 from the iris. Thus, for a given 
displacement d1 of the sample plane 16 from the desired reference plane (for example, 
the reference plane 23 at a distance f1 from the objective lens 14 as shown in Figs. 1- 

2), there will be a corresponding displacement d3 of the detection image plane 66 from 
5 the plane of the ins 60. as best shown in Fig. 3B. When the detection image plane 66 

is located at a distance from the ins. the intensity of the light measured by the light 

detector is less because not all of the autofocusing light beam will pass through the iris 

aperture. 

Fig. 3C shows two graphs representing the method used to calculate d3 by the 
,0 light detector 60. The top graph (labeled i) illustrates the intensity of the light (1) 

measured by the detector versus the displacement distance d3. The bottom graph 
(labeled ii) illustrates the derivative of the intensity of the light (I) measured by the 
detector versus the displacement distance d3. As shown by the graphs in Fig. 3C, the 
light measured by the light detector will be at its maximum when the distance d3 is zero. 
, 5 Through the measurements of the light detector 62. the displacement distance d2 is 
determined based on the intensity of the light beam passing through the iris. 

In the Figs. 3A and 3B embodiment, it may be difficult to distinguish between a 
negative and positive d3 (i.e., a beam focused either above or below the iris in Figs. 3A- 
3C). therefore it is preferable that the system is modulated in order to solve for this 
20 potential problem. Consequently, the autofocusing detection system of the example 

shown in Figs. 3A-3C preferably modulates the distance d1 with a small amplitude. The 
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modulation results In a change in the intensity o, the light, which is proportional to the 
derivative of the intensity (I). The distance betv-een the san^ple plane 16 and the 
ohiective lens 14 is preterahly adjusted so that the change In intensity is .ero, as shown 
in the hotto. graph o, Fig. 3C, The value for d3 is then sent to a feedhac. controller as 

will be described below. 

one important aspect o, the present invention is that the autofocusing detection 
system pedorms the autofocusing hased on the calculated value for the displacennent 
d2 of the image plane 20 from the desired Image plane 26 (see Figs, 1-2). The 

to and the autofocusing system 50 may be configured so that a measurement for d3 
oan be directly converted into an value for d2. That is, the value for d2 may be set to 
be directly related to d3. For example, the lenses of the imaging system and 

„3y be positioned so that the value of d2 Is proportional to the value of d3. In another 
possible configuration, the lenses are positioned so that thevalue for d2 may bedlreotly 

calculated by an empirical calculation based on d3. In another possible configuration, 
„e value for d2 may be determined based on a set of data points or a map. With each 
Of these options, the measured value for d3 is representative of the value for d2. 
Therefore, the autofocusing system 50 can detect the amount that the image plane 20 
,3 out Of focus Without having to analyze the actual characteristics of the image formed 
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operation of the present invention. The method and structure for focusing the objective 
lens on the sannpte plane as a result of the above measurement will be described in 
greater detail below. 

In accordance with present invention, the apparatus includes a focusing 
5 correction system 34. As embodied herein and shown in Figs, 3A, the focusing 

correction system 34 includes a feedback controller 70 and a focus adjusting device 72. 
The feedback controller 70 may be an analog or digital feedback controller as is known 
in the art. The feedback controller 70 receives a signal from the light detector 62 
corresponding to the displacement distance d3 and generates a feedback voltage that 

10 is then sent to a focus adjusting device 72. 

The focus adjusting device 72 may be of several different types. In a preferred 
embodiment, the focus adjusting device 72 adjusts the position of the objective lens 14 
relative to the sample plane 16. In another embodiment, the focus adjusting device 72 
adjusts the position of the sample plane 16 relative to the objective lens 14. Either type 

1 5 of device (adjusting the position of the objective lens or adjusting the position of the 
sample plane) is designed to position the optical system so that the sample plane can 
be quickly put into focus and a focused image can be taken of the sample plane, A 
typical device for imparting these type of small displacements is a piezo-positioner. In 
the example shown in Fig. 3A, the focus adjusting device 72 modifies the position of the 

20 objective lens 14 so that it is at the desired focal distance f1 from the sample plane 16. 
As a result, the image plane 20 of the optical system is placed in focus so that the 
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values for d2 and d3 approach zero. If the autofocusing detection system 50 calculates 
a value for d3 that is above a predetermined threshold, the focusing correction system 
34 can be operated again until the sample plane is placed in focus. This operation is 
performed in a shorter period of time because the present system does not analyze the 
5 characteristics of the image as is done in other systems. 

Another embodiment of an autofocusing detection device according to the 
present invention is shown in Figs. 4A, 4B, and 4C. The structure shown in Figs. 4A 
and 4B is similar to the example of Figs. 3A and 3B except for the positioning of the iris. 
The discussion below will concentrate on the structure and method that is different 
: 10 than already described in relation to Figs. 3A and 38. The autofocusing detection 

device 78 of the example shown in Figs 4A-4C includes an iris 80 and light detector 84. 
In the autofocusing detection device 78 of Figs. 4A-4C, the iris 80 is placed at a 
distance not corresponding to the focal length f3 from the detection system lens 46. 
That is, the iris is spaced from the reference plane 82 (shown in dashed lines in Fig. 
15 4A), which is located at the focal distance f3 from the detection system lens 46. As 

seen in Fig. 48, the autofocusing device is designed so that the iris 80 is placed parallel 
to the reference plane 82 and separated by a distance d3. 

As shown in Fig. 48, the iris 80 is positioned at a distance of f2 minus the 
distance d3 from the detection system lens 46. In general, in the system of Figs. 4A- 
20 4C, when the light detector 84 measures a certain predetermined Intensity, the surface 
of the sample will be in focus. However, if there are fluctuations in the reflectivity of the 
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surface or if the power of the light sources fluctuate, the intensity measured by the light 
detector may fluctuate even though the sample plane is still in focus. The accuracy of 
the autofocus detection system thus may be limited by the stability of the light sources 
and by the uniformity of the sample plane reflectivity. However, even if there are 
5 fluctuations in the stability of the light sources or in the surface reflectivity, the ratio 
between the light power measured by the detector and the light source power is not 
affected by these fluctuations. 

In order to minimize any potential problems due to these fluctuations, the 
autofocusing system of the second example may further include a third autofocusing 

10 beamsplitter 90 and a second light detector 92, as shown in Fig. 4D. As shown in Fig. 
4D, the third autofocusing beamsplitter 90 is positioned between the detection system 
lens 46 and the iris 80 along the second optical axis 64. The second light detector 92 is 
positioned offset from the second optical axis 64 as shown, for example, in Fig. 4D. 
The second light detector 92 could also be arranged at other locations. 

15 The third autofocusing beamsplitter 90 is configured so that it splits off a certain 

percentage of the autofocusing light beam intensity to the second light detector 92, for 
example, 50%. The intensity (12) of the light split off to the second light detector 92 is 
proportional to the total intensity reflected by the plane 16. The remaining 50% of the 
light goes to the iris 80. A fraction of this remaining 50% going to the iris 80 is detected 

20 by the first light detector 84. The ratio of the light intensity (1 1 ) detected by the first light 
detector 84 to the light intensity (12) detected by the second light detector 92 is then 
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used to directly calculate the value d3. By this arrangement, fluctuations in the intensity 
of the light beams and reflectivity of the sample plane will be accounted for. Alternately, 
the iris could be replaced by a diode array positioned where the iris is shown in Figs. 4A 
and 4C. The autofocusing detection system 32 includes a focusing correction system 
34 similar to that described for Figs. 3A-3C. 

Another embodiment of an autofocusing detection device according to the 
present invention is shown in Figs. 5-7. The discussion below will concentrate on the 
structure and method that is different than already described in relation to Figs. 3A and 
3B. The autofocusing detection device 98 of Figs. 5-7 includes a prism or lens for 
deflecting the returning autofocusing light beam of wavelength >.a to points on a surface 
located a distance f3 from the detection system lens. As shown in Figs, 5-7, a prism 
100 is provided between the detection system lens 46 and a detection surface 102. 
The prism 100 deflects the returning autofocusing light beam onto the detection surface 
102 located at the focal distance f3 from detection system lens 46. The focal distance 
f3 shown in Fig. 5 corresponds to the focal distance of the combination of the detection 
system lens 46 and prism 100. Selection of the focal distance f3 will be discussed 
below. 

The autofocusing detection system 98 further includes diode pairs. Diode pairs 
such as 104 and 106 may be positioned on both sides of the optical axis 64 on the 
detection surface 102, as shown in Fig. 5. In the example shown in Figs. 5-7, the first 
diode pair 104 includes a first diode 108 and a second diode 110, and the second diode 

32 




pair 106 includes a third diode 112 and a fourtin diode 114. In Figs. 5-7, the first diode 
pair 104 including the first and second diodes 108 and 110 are positioned on the left 
side of the second optical axis 64 as shown in the Fig. 5, and the second diode pair 106 
including the third and fourth diodes 112 and 114 are positioned on a right side of the 
5 second optical axis 64. 

Figs. 5, 6A, and 7A illustrate aspects of the autofocusing detection device 98 
when the sample plane 16 is located at the focal distance f1 from the objective lens so 
that the resulting image of the image plane 20 is in focus. When the sample plane 16 is 
properly located for focusing, the autofocusing light beam being directed towards the 
: 10 detection system lens 46 is typically collimated as shown in Fig. 6A. The detection 
system lens 46 then projects the autofocusing light beam to prism 100 such as that 
shown in Figs. 5 and 6A. In the example shown, the autofocusing light beam is divided 
by the prism 100 into a first light beam 1 18 and second light beam 120. 

When the plane 1 6 is properly positioned for focusing, the first light beam 1 1 8 
; 15 will focus exactly on the detection surface 102 located at the focal distance f3 from the 
detection system lens 46, as shown in Fig. 5 and 6A. The first light beam 118 will 
create a first light spot 122 halfway between the first diode 108 and the second diode 
1 10, as best shown in the front view of the diodes in Fig. 7A. The second light beam 
120 will create a second light spot 124 halfway between the third diode 1 12 and the 
20 fourth diode 1 14, as best shown in Fig. 7A. The light spots on the diodes will be 

relatively small because each light beam is at a minimum at the detection surface 102. 
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The sample plane will be properly focused when the light spots are created as shown in 
Fig. 7A. 

Figs. 6B and 7B illustrate aspects of the detection system when the sample 
plane 16 is located more than the focal distance f1 from the objective lens 14. When 
the sample plane 16 is located too far from the objective lens, the returning 
autofocusing light beam will typically be non-collimated (as shown in Fig. 6B). The 
detection system lens 46 then projects the autofocusing light beam to the phsm where 
the beam is divided into the first and second light beams 118 and 120, respectively. In 
the embodiment shown in Fig. 68, the first light beam 1 18 is at a minimum diameter 
and forms an image plane 130 (shown in dashed lines) at a point y1 located at a 
distance d3 from the detection surface 102 (also referred to as the desired image 
plane). Because the first light beam 1 1 8 is not at a minimum diameter at the detection 
surface 102, the light spot 122 formed on the diodes is relatively larger than the light 
spot shown in Fig. 7A. As shown in Fig. 6B and 7B, the second light beam 120 is at a 
minimum diameter at image plane 1 30 at a point y2 located at the distance d3 from the 
detection surface 102. As shown in Fig. 7B, the light spots 122 and 124 will move 
inward relative to the light spots of Fig. 7A. 

When the sample plane is too far from the objective lens as described above, the 
light spots 1 22 and 1 24 are formed primarily on the second diode 1 1 0 and third diode 
112, respectively, as best shown in Fig. 7B. The autofocusing detection system 
measures the intensity value at each of the diodes and determines the displacement 
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value d3 of the autofocusing light beam from the reference surface 102. The feedback 
controller 70 then sends a feedback voltage signal to the focus correction system 72 
to adjust the distance between the objective lens 14 and the sample plane 16 as 
previously discussed. The plane 16 will be properly focused when the sum of the 
intensity measured at the first and fourth diodes is equal to the sum of the intensity 
measured at the second and third diodes. 

Figs. 6C and 7C illustrate aspects of the autofocusing detection device 98 when 
the plane 16 is located less than the focal distance f1 from the objective lens 14. When 
the surface is located too close to the objective lens, the returning autofocusing light 
beam will also typically be non-collimated (as shown in Fig. 6C). In the embodiment 
shown in Fig. 6C, the first light beam 1 18 is at a minimum diameter and forms an image 
plane 132 at a point z1 located at a distance d3 behind the detection surface 102 
(desired image plane). The light spot 122 formed on the diodes is relatively larger than 
the light spot shown in Fig. 7A because light beam 1 18 is not at a minimum diameter 
yet when it strikes the detection surface 102. The second light beam 120 intersects 
and forms an image plane at a point z2 also located at the distance d3 behind the 
detection surface 102 as shown in Fig. 7C. As shown in Fig. 7C, the light spots 122 
and 124 will move outward from the second optical axis 64 relative to the light spots of 
Fig. 7A. The light spots 122 and 124 are formed primarily on the first diode 108 and 
second diode 114, respectively, as best shown in Fig. 7C. 
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In the arrangement discussed above, the focal distance of the detection system 
lens 46 and prism 100 should be selected so that the light spots 122 and 124 are 
detectable by the diodes. The light spots should be suitably sized so that the diode 
pairs are able to take accurate readings of the light intensity. In one typical diode 
arrangement, the light spots will be detectable if they have a size of approximately 
10/im. Diode arrays with a pixel size of approximately 5/um are known. In applications 
with fragmented diode arrangements such as shown in Figs. 5-7 (and Fig. 8), beam 
displacements of the order of O.l^^m are measurable. This corresponds to an accuracy 
in the focal distance f1 and positioning of the sample plane of less than 1 .0/^m in one 
example of the autofocusing system. 

The focusing correction system 34 of Figs. 5-7 will function as previously 
described in order to quickly focus the optical system on the sample plane 16 and 
obtain a focused image. 

Another embodiment of an autofocusing detection device according to the 
present invention is shown in Figs. 8A-8D. In this example, the autofocusing detection 
system 108 includes a detection system lens similar to that previously described, as 
well as a cylindrical lens, and a quad photo diode. As embodied herein and shown in 
Figs. 8A-8D, a cylindrical lens 140 is placed between the detection system lens 46 and 
a detection surface 142 with a quad photo diode 144. The detection surface 142 is 
preferably located at exactly the focal distance f3 of the detection system lens 46. As 
illustrated in Fig. 8B, the quad photo diode 144 includes first, second, third, and fourth 
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diode segments 146, 148, 150, and 152, respectively. The detection system lens 46 
and cylindrical lens 140 project the autofocusing light beam onto the detection surface 
142 to form a light spot 154 on the quad diode 144 located on the detection surface 
142. 

The quad diode 144 determines the displacement d3 of the image relative to the 
detection surface 142 by measuring the light intensity at each of the four diode 
segments 146, 148, 150, and 152. The cylindrical lens 140 changes the shape of a 
light spot 154 depending on the position of the sample plane relative to the objective 
lens. Fig. 8B illustrates the position of the light spot 154 when the sample plane 16 is 
properly positioned at the distance f1 from the objective lens 14. The light spot will be 
located substantially in the center of the four diodes. Fig. 8C illustrates the position of 
the light spot when the sample plane 16 is positioned at a distance less than the focal 
distance f1 from the objective lens 14. The light spot will be ellipsoidal, with the majority 
of the light spot being located on the second diode segment 148 and third diode 
segment 150, as shown in Fig. 8C. Based on the measured intensity of the diode 
segments, the feedback controller 70 calculates the distance d3 of the image relative to 
the detection surface 142. 

Fig. 8D illustrates the position of the light spot when the sample plane is 
positioned at a distance greater than the focal distance f1 from the objective lens 14. 
The light spot will be ellipsoidal, with the majority of the light spot being located on the 
first diode segment 146 and fourth diode segment 152. 
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In this example, the feedback controller 70 generates a signal to be sent to the 
focus adjusting device for controlling the distance between the objective lens 14 and 
the sample plane 1 6 in a manner similar to that described for the first three examples. 
The autofocusing system of the present invention is suitable for a wide range of 
5 applications besides the examples described above. The selection and arrangement of 
the light sources depends on the kind of microscopy which is chosen. Although the 
autofocusing system described above is primarily discussed in relation to flourescent 
microscopy, the present invention is also suitable with other types of microscopy such 
as transillumination, and luminescence imaging microscopy. 

10 In transillumination microscopy, the source of illumination will enter from the left 

side of the sample plane in a manner known in the art. The beam splitter 12 as shown 
in the figures will no longer be needed. The illumination source may be a lamp with a 
broad spectrum (i.e., visible spectrum), a lamp filtered by a narrow bandpass filter, or a 
laser beam. In a transillumination system, it may be desirable to add appropriate filters 

1 5 between beamsplitter 44 and image lens 1 8 in Fig. 3A. This help prevent any of the 

autofocusing light beam from leaking through the beamsplitter 44. When visible light is 
chosen as the excitation beam, the light beam of the autofocusing system can be 
chosen in the infrared range. In one example having a narrow excitation spectrum 
around 550nm, a light beam of approximately 633nm can be used for the autofocusing 

20 system. These values are shown for purposes of illustration only. 
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In luminescence imaging microscopy, the object emits light without the need of 
excitation beam. As previously described, a beam splitter such as beam splitter 12 in 
Fig. 3A is no longer needed. The wavelength of the autofocusing light beam is 
preferably chosen to be far enough from the luminescence wavelength of the sample 
5 plane. In such an arrangement, ambient light may assist in the Illumination of the 
surface. The object itself may be referred to as being the source of illumination in a 
luminescence imaging microscopy. 

As previously discussed, a lamp or laser is typically used as the illumination light 
source. If a lamp is chosen, filters are added to select the spectrum necessary for the 

10 application. If a laser is chosen, the type of laser depends on the wavelength and 
power needed for the specific application. Lasers especially suited for the present 
invention include, for example, Ar^ and Kr* lasers. These lasers can typically emit light 
at several discrete wavelengths over the spectrum and are very versatile for use in a 
large number of applications. Other types of laser systems such as an optical 

1 5 parametric oscillator system are also suitable with the present invention. 

In all of the autofocusing techniques described above, the sample plane may be 
located at either the outside surface of the sample or at a plane on the inside of the 
sample. In one technique suitable for the present invention, the focus of the light beam 
directed at the sample is offset by a certain predetermined amount relative to a 

20 reference plane. This is particularly useful for scanning (or focusing) on a plane inside 
of a cell located on a transparent plate which is then used as a reference plane. 
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According to another aspect of the invention, a method is provided for 
automatically focusing an image of an object plane in a microscope. Generally, 
methods consistent with the principles of the invention include: generating an 
autofocusing light beam; directing the autofocusing light beam against the object plane 
to be examined; and reflecting the autofocusing light beam off the object plane. The 
reflected autofocusing light beam is then directed to a detection system, where at least 
one light detector or sensor of the detection system senses the reflected autofocusing 
light beam. Thereafter, the amount of displacement of the image plane of the reflected 
autofocusing light beam from a desired reference plane is determined based on the 
sensed autofocusing light beam. With this information, the object plane can be focused 
on to create a properly focused image. 

In methods consistent with the principles of the invention, the step of sensing 
may include transmitting the reflected autofocusing light beam at least partially through 
an aperture of an iris and measuring the light intensity of the reflected autofocusing light 
beam that is transmitted through the aperture with the light detector or sensor of the 
detection system. Alternatively, in methods consistent with the principles of the 
invention, the step of determining may include comparing the light intensities of the 
reflected autofocusing light beam detected by a plurality of the light detectors or 
sensors. 

By way of a non-limiting example, Fig. 9 illustrates a method consistent with the 
aspects of the invention for automatically focusing an image of an object plane in a 

40 
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microscope. The embodiment of Fig. 9 may be implemented with the autofocusing 
systems and features discussed in connection with Figs. 3-4. As Illustrated In Fig. 9, an 
autofocusing light beam Is generated in step 300. For example, the autofocusing light 
beam 40 may be generated by an autofocusing light beam source 39, as shown In Figs. 
3-4. Next, in step 310, the autofocusing light beam Is directed to an object plane, such 
as object plane 16 in Figs. 3-4. Thereafter, In step 320, the autofocusing light beam 40 
Is reflected off the object plane and directed toward a deflection system such as 
detection system 32 in Fig. 3A. The reflected autofocusing light beam Is then 
transmitted through an Iris of the detection system, in step 330. For example, In Fig. 
3A, the autofocusing light beam 40 is transmitted through Iris 60. 

As further shown in Fig. 9, after transmitting the autofocusing light beam through 
the iris of the detection system, the autofocusing light beam Is sensed with a light 
detector or sensor of the detection system, in step 340. To Implement this step, a light 
detector can be selected such as any of the variety of types shown in Figs. 3-4. In 
addition, to implement step 330 an iris may be provided such as that shown in Figs. 3- 
4. For example. In the embodiment of Fig. 3A, the light detector 62 is positioned 
adjacent the aperture of the iris 60 and the iris is approximately positioned at the focal 
distance from the detection system lens 46. Alternatively, as shown in Fig. 4A, the iris 
80 can be positioned such that it is displaced from the focal distance from the detection 
system lens 46, and a light detector 84 is positioned adjacent the aperture of the iris. 
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After sensing the light intensity of the reflected autofocusing light beam, the 
amount of displacement of an image plane from a desired reference plane is 
determined, as represented in step 350 of Fig. 9. Once again, the features and 
techniques described above in relation to Figs. 3-4 may be utilized to determine the 
amount of displacement of the image plane based on the sensed, light intensity of the 
autofocusing light beam. In step 360, with the determined displacement of the image 
plane, the object plane is then focused on in order to create a properly focused image. 
For this purpose, the feedback controller 70 and focus adjusting device 72 of Figs. 3-4 
may be used to adjust the distance between the objective lens and the sample or object 
plane. 

Fig. 10 illustrates another method for automatically focusing an image of an 
object plane in a microscope. The method of Fig. 10 can be implemented with the 
autofocusing systems and features discussed above in relation to Figs. 5-8. In the 
method illustrated in Fig. 10, an autofocusing light beam is generated in step 400. For 
example, the autofocusing light beam 40 is generated by an autofocusing light beam 
source 39, as shown in Figs. 5-8. In step 410, the autofocusing light beam is then 
directed to an object plane, such as object plane 16. Thereafter, in step 420, the 
autofocusing light beam 40 is reflected off the object plane and directed toward a 
deflection system. As shown at step 430 in Fig. 10, the reflected autofocusing light 
beam is then caused to be sensed by a plurality of light detectors or sensors. To 
implement steps 420 and 430, an arrangement of sensors can be provided as shown in 

42 



any of the embodiments of Figs. 5-8. For example, in Figs. 5-7, the reflected 
autofocusing light beam can be divided into two separate light beams 118 and 120 by a 
prism 100, with the light beams being detected by pairs of light diodes 104 and 106. 
Alternatively, as shown in Figs. 8A-8C, the autofocusing light beam can be transmitted 

5 through a cylindrical lens 140 and sensed by a quad photo diode 144. 

As further shown in Fig. 10, after sensing the reflected autofocusing light beam 
with the sensors, the light intensity values sensed the plurality of sensors are compared 
at step 440. For example, in Figs. 5-7, the values of light intensity sensed by each of 
thefourdiodes108, 110, 112, and 114 is compared. Alternatively, as shown in Figs. 

0 8A-8C, the values of the light intensity sensed by each of the four diode segments 1 46, 
148, 150, and 152 is compared. After the light intensity values are compared, the 
amount of displacement of an image plane from a desired reference plane is 
determined at step 450. To implement this step, the features and techniques described 
above in relation to Figs. 5-8 may be utilized to determine the amount of displacement 

5 of the image plane based on the compared values of the sensors. In step 460, with the 
determined displacement of the image plane, the object plane is then focused on in 
order to create a properly focused image. For this purpose, the feedback controller 70 
and focus adjusting device 72 of Figs. 5-8 may be used to adjust the distance between 
the objective lens and the object plane. 
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The method according the present invention is apparent from the apparatus 
described above. Other variations may also be made to the method of the present 
invention. 

The present invention is also directed toward an improved microscope for 

5 viewing a sample plane. According to the present invention, the microscope includes a 
plurality of lenses positioned along a main optical axis, a probe arm supporting the 
plurality of lenses, a support on which a sample plane to be examined is placed, and an 
optical output device for creating an image of the sample plane on an image plane. In 
the embodiment shown, the main optical axis is unfolded and substantially extends 

10 along a single plane. As embodied herein and shown in Figs. 11-12, the microscope 
200 includes a probe arm 213. A series of lenses and other optical devices are 
positioned along the main optical axis 202. In the example shown in Fig. 1 1 , the series 
of lenses includes an emission filter 204, tubus lens 206, illumination entrance 208, 
relay lens 210, and corpus lens 212. Any variety of optical devices may be positioned 

15 along the main optical axis in the probe arm 213. 

In the example shown in Fig. 1 1 , a plain reflecting mirror 214 is positioned 
toward the end of the probe arm closest to the object to be scanned. The surface of the 
mirror 214 is angled relative to the main optical axis 202 so that the light beams along 
the main optical axis 202 may be reflected toward an objective lens 220 and onto the 

20 object plane 216. In the example shown in Fig. 11, the mirror 214 is angled at, for 

example, 45 degrees so that the light from the object plane will be reflected back to the 
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mirror and along the nnain optical axis 202 to form an image. The sample or object to 
be examined may be placed directly on a scanning surface 221 corresponding to the 
object plane 216. The object surface may correspond to the surface of the actual 
object or a plane within the object. Alternately, the object surface may correspond to 
the scanning surface 221 on which the sample is placed. The samples (or objects) may 
be placed in sample holding devices such as microtiter plates 218 shown in Figs. 1 1 
and 12. The microtiter plates 218 and the samples are supported by a support 219, as 
shown in Fig. 12. The support 219 is mounted and rigidly secured to a scanning stage 
240 that is attached to a first table 242. The support 219 maintains the samples so that 
they are physically isolated from the microscope, for reasons which will be discussed 
below. 

The microscope of the embodiment shown in Fig. 1 1 further includes a second 
plain reflecting mirror 222 at the leftmost portion of the main optical axis 202 of the 
probe arm 213. The light reflected off the second plain reflecting mirror 222 is directed 
toward a first video output 230 and first video focal plane 232. The microscope also 
includes a second video output 234 and an eyepiece assembly 236 with an image 
plane 238. As is known in the art, the image plane may be either a position where a 
viewer's eye is placed, or a place where a camera or image detecting device is 
positioned. 

The microscope is preferably configured so that the probe arm 213 has an 
elongated shape as shown in Figs. 11-12. This is accomplished by designing the probe 

45 
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arm so that the main optical axis 202 is unfolded. The elongated shape and unfolded 
main axis particularly desirable in order to minimize the transmittal of vibrations from 
vibration generating structures adjacent the probe arm for reasons which will be 
discussed below. The second embodiment of the present invention is also suited for 
5 microscope devices that scan the image of the object. During scanning, scanning 
motors typically generate undesirable vibrations. If the scanning stage with the 
scanning motors is placed on or against the probe arm of the microscope, vibrations 
from the motors are typically transmitted to the microscope, resulting in unsharp images 
of low quality. 

1 0 The elongated design of the microscope permits the mounting of the microscope 

on a separate table from the table on which a scanning stage is mounted. For 
example, as shown in Fig. 12, the scanning stage 240 for a microscope may be placed 
on the first table 242, and the microscope 200 may be placed on a separate table 244. 
The first table 242 may be a heavy or sturdy table structure, and the scanning stage 

15 240 may be rigidly attached or fixed to the surface of the first table. As further shown e 
in Fig. 12, the microtiter plates 218 may be supported via the support structure 219 on 
the scanning stage 240, so that the plates are physically isolated from the probe arm 
213 of the microscope. In this manner, vibrations from the scanning stage 240 are not 
imparted onto the microscope 200. Therefore, because there are a lack of vibrations 

20 on the microscope, it will be easier to obtain a focused image of the sample by either 
manual or automatic processes. 
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In the example shown in Figs. 11-12, the main optical axis 202 of the microscope 
is configured to be parallel with the object plane 216. This configuration, together with 
the elongated probe arm, allows the viewer to be positioned at a substantial distance 
from the samples that are being observed. This can be particularly desirable if dealing 
5 with samples that involve toxic chemicals, or if the samples must be placed in an 

isolated room or chamber that is removed from the area in which the viewer is located. 
Moreover, the optics can be changed without having to enter the isolated room or 
chamber. As a result, the improved microscope of the present invention permits 
microscopy for a wider range of sample types, 
i 1 0 The elongated probe arm and microscope of Figs. 11-12 also has other benefits. 

For example, the longer probe arm allows for scanning larger objects with the 
microscope. The longer probe arm also allows several objects to be scanned at once, 
without unloading and reloading the scanning stage. Moreover, the longer probe arm 
allows the optics to be more accessible. Because of the design, it is also easier to 
15 incorporated additional optics into the probe arm of the instrument. The longer probe 
arm also allows for additional accessories to be included, such as the autofocus system 
of the first embodiment of the invention. 

It will be apparent to those skilled in the art that various modifications and 
variations can be made in the disclosed embodiments relating to an apparatus for 
20 automatically focusing an optical instrument onto an object plane, a method of 

automatically focusing an optical instrument onto an object plane, and a microscope for 
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focusing on an object plane, use of the apparatus of the present invention, and in 
construction of this apparatus, without departing from the scope or spirit of the 
invention. The features and aspects of the disclosed embodiments may be combined, 
modified or substituted to provide additional advantages and features. 
5 For example, while features of the invention are disclosed with reference to 

autofocusing and illumination light beams that are different wavelengths to permit 
simultaneous operation, it is of course possible to select light beams that are of the 
same or similar wavelength. In such a case, the features of the invention may be 
implemented in an asynchronous mode, in which the autofocusing light beam is 
1 0 generated and applied at a different time from that of the illumination light beam. It is 
also possible to implement the light beams and features of the invention in an 
asynchronous mode regardless of the wavelengths of the light beams (i.e., irrespective 
of the whether the autofocusing light beam and the illumination light beam have the 
same or different wavelengths). 
1 5 Other embodiments of the invention will be apparent to those skilled in the art 

from consideration of the specification and practice of the invention disclosed herein. It 
is intended that the specification and examples be considered as exemplary only, with a 
true scope and spirit of the invention being indicated by the following claims. 
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